Are single-phase flow numerical models sufficient to estimate pressure distribution in CO2 sequestration projects?  by Nicot, Jean-Philippe et al.
Available online at www.sciencedirect.com
   
 
Energy  Procedia  00 (2010) 000–000 
Energy
Procedia
 
www.elsevier.com/locate/XXX
 
GHGT-10 
Are single-phase flow numerical models sufficient to estimate 
pressure distribution in CO2 sequestration projects? 
Jean-Philippe Nicot1*, Seyyed A. Hosseini, and Silvia V. Solano 
Bureau of Economic Geology, Jackson School of Geosciences, The University of Texas at Austin 
Austin, TX 78713, USA 
Elsevier use only: Received date here; revised date here; accepted date here 
Abstract 
As CO2 is injected into a deep saline aquifer, three regions develop: a “drying” region next to the well in which CO2 injectate 
occupies 100% of the pore space, a brine region away from the injection well in which 100% of the pores are saturated with 
brine, and a two-phase region in which water and CO2 coexist. Several papers describe the speeds at which those two fronts 
progress outward using the Buckley-Leverett fractional flow (BLFF) theory. Next to a CO2 injection well and at early times, 
compositional flow theory must be implemented. It is also understood that far from the injection site, where only slight pressure 
elevation is felt, a single phase flow approach is sufficient because all the complexities of compositional flow could be neglected. 
However regulators may be wary of complex models and of the associated black box syndrome and rather may favor the simpler 
single-phase flow approach. This paper investigates using single-phase flow numerical models to describe compositional flow 
processes. Previous work already showed that results from the CMG-GEM and MODFLOW numerical codes are very similar 
away from the injection zone given some minor modifications in the input file of the single-phase flow code. We present a more 
thorough scoping analysis aiming at establishing the proposition that single-phase flow models (CMG-IMEX), given some 
simple treatment, can predict pressure increase as well as more complex compositional flow models (CMG-GEM).   
© 2010 Elsevier Ltd. All rights reserved 
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1. Introduction 
Applied scientists have been debating for a long time the usefulness of modeling. On the one hand, some support 
the use of simplified models as long as they capture essential processes with judicious assumptions, whereas, on the 
other hand, others favor an approach integrating many processes, including their coupling. The latter approach 
requires an extensive dataset not always available, entails overcoming modeling challenges, and may cause 
overconfidence in the results. The advent and vulgarization of powerful computers has rendered George Box’s 
aphorism particularly significant. The former approach takes a chance at overlooking relevant aspects of the site. 
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Most scientists take the middle-ground between oversimplification and an include-all approach and recognize that 
both approaches have merit.  
 
The purpose of this paper is to investigate the accuracy of using single-phase flow numerical models to assess 
pressure rise away from the injection well(s) and from the CO2 plume. We propose a simple way to translate the 
compositional model injection rate to an equivalent injection rate in single phase simulation such that pressure 
responses of the models are in reasonable agreement. Celia and Nordbotten [1] discussed several of the 
simplifications large-scale model users sometimes accept to render modeling tractable such as sharp interfaces, 
vertical equilibrium, and constant fluid properties. Although initial research on geological sequestration (GS) 
focused on the CO2 plume itself and other issues raised by the buoyant nature of the supercritical fluid, it is now 
coming to the forefront that the zone of elevated pressure goes far beyond the edge of the CO2 plume. In this context 
and outside of the compositional flow domain it is legitimate to ask if using a simpler single-phase flow model is 
appropriate. Such a model requires much less input parameters than a full-fledged compositional flow model. 
Single-phase flow models require less specialized technical knowledge and, consequently, more people are 
proficient at using them and at understanding their outputs. This is particularly important at the time when technical 
staff shortage, both on the operator and regulator sides, may undermine a quick and widespread use of GS. Several 
researchers (Celia and Nortbotten, 2009) also have as a stated goal to simplify CO2 injection modeling to fit the 
objective of the modeling: leakage, geomechanical effects and geochemical processes.  
 
Far-field detrimental effects of CO2 injection are related to pressure increase and pressure-driven brine leakage 
through pathways such as faults and wellbores. Such a concern is not new and has been the focus of the 
Underground Injection Control (UIC) program at the U.S. Environmental Protection Agency (USEPA) for decades. 
Several recently published papers have for stated goal to assess water displacement following large-scale CO2 
injection ([2], [3], [4], [5]). All but Nicot [2] used compositional flow numerical models. Person et al. [5] do 
mention that single-phase analytical models come surprisingly close to full-fledged compositional models away 
from the injection area but eventually used a numerical model. In a follow-up paper, Nicot et al. [6] demonstrated in 
a specific case that fluid (water) fluxes at the boundaries are very similar in both the single-phase and multiple-phase 
flow models. [5] used a “sharp interface” model in which fluid saturations are assumed to be at their maximum in 
their respective domains. This approach is also used in most analytical solutions. The motivation behind [2] and [6] 
was to understand impact of GS at the basin-scale on relatively shallow unconfined aquifers, updip extension of the 
injection strata. The main idea behind this effort is that away from the injection area compositional flow effects can 
be neglected or, at least, rolled up within single-phase flow parameters. In the following modeling exercise, we 
explore the ability of single-phase flow models to conservatively represent pressure change away from the CO2 
plume. 
 
A possible application would be to compute/bound in a simple way the increase in pressure at points focalizing 
potential leakage such as wellbores (e.g., [7]). An example of practical use of pressure elevation calculations is to 
compute the pressure increase beyond which no brine would be able to move up a borehole or another zone of 
weakness and contaminate fresh water aquifers. Assuming such a pressure is 5 bars (see for example, [7]) and 
reasonable values for parameters (injection for 30 years at 6 million tons CO2/yr, 400 md homogeneous, 30-m thick 
~horizontal formation at a depth of ~2 km), the maximum radius from brine leakage is ~90 km reached after 
approximately 6 times the injection duration (Fig.1). Fluxes at the boundaries are controlled by both 
permeability/conductivity distribution in the flow system and pressure gradients. In this study, the stakes are 
somewhat higher because the pressure field needs to be relatively accurate across a large area (but only over a 
subdomain of the model). An accurate pressure field is needed only around the time the pressure is highest. Nearby 
the injection well this time corresponds to the end of injection and shortly thereafter. However, kilometers away 
from the well / well field, pressure could keep increasing even after injection as the pressure “pulse” propagates. 
2. Analytical Solutions from the Literature 
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Several analytical solutions are available to compute the location of the plume at end of injection [8], with 
additional conditions such as residual saturation [9], [10]. Work by Burton et al. [11] and by Oruganti and Bryant 
[12] discussed the three flow regions during CO2 injection: a dry zone, next to the well, because of the flow of 
anhydrous CO2, a brine zone away from the CO2 plume, and, in between, a Buckley-Leverett (BL) zone. Nordbotten 
and Celia [13] also integrate the dry region in their analytical solution but do not focus on pressure distribution. 
Absolute pressure in the brine region away from the injection well depends on the pressure in the other two regions. 
However the pressure drop along a radius in the brine region is a function only of local hydraulic conductivity and 
injection rate, that is, the shape of the curve stays constant through time and independent of relative permeability 
[12]. Some of these results must be tempered by the fact that compressibility is not included in the calculation. 
Three compressibility values could be taken into account: CO2, brine, and rock matrix. Addition of compressibility 
values greatly impacts pressure in the brine region away from the CO2 plume. Mathias et al. [14] developed a 
solution demonstrating that volume for volume injection of water and CO2 can be modeled by the single-flow Theis 
solution in the brine region assuming that the compressibility difference normalized by the 
“background” compressibility  is small. This assumption is most likely to be true at greater depth 
(Fig.2).  
3. Methodology and Model Translation 
In this paper a simplified 1-D reservoir model with no flow boundary conditions used for comparison of single 
phase and compositional simulations. The system domain is initially filled by brine and for compositional simulation 
CMG-GEM and for single phase simulation CMG-IMEX is used. PVT properties are user defined and calculated at 
T=57°C [135°F]. An injection rate of 66.51 m3/d (2.6×103 scf/d) is kept for 30 years and model outputs are 
monitored for 100 years. Simplified reservoir properties are shown in Table 1 for the two cases considered in this 
study. 
 
Table 1 Simplified reservoir properties  
Reservoir Property Compositional Simulation Single Phase Simulation 
Length (km) 355 355 
Thickness (m) 10 10 
Number of gridblocks 1500 × 1 × 1 1500 × 1 × 1 
Grid size (m) variable × 30 variable × 30 
Fluid compressibility(bar-1) 2.37E-3 1.96E-5 
Permeability (mD) 300  300  
Porosity (fraction) 0.25  0.25  
Initial reservoir pressure (MPa) 15.6 15.6 
Reference depth (m) 1,676.4  1,676.4 
Temperature (C) 57  57 
Ave. Inj. rate (bbl/day)(reservoir 
condition) 
1.148  1.03  
Injection period (yr) 30  30  
Simulation period (yr) 1,000  1,000  
 
The procedure followed in [2] and [6] to adapt compositional flow parameter values to a single-phase flow 
ground water model is summarized below. Single-phase flow models require input of hydraulic conductivity and 
specific storage. Within the estimated body of the plume, single phase conductivity of the model can be calculated 
by applying average CO2 density and viscosity at the local temperature and pressure conditions to the cell 
permeability and by accounting for the residual water saturation and concomitant decrease in relative permeability. 
CO2 properties are well-known and tabulated in handbooks and residual water saturation can be estimated from 
analogs or experience if not available. Specific storage is a weighted combination of rock matrix and water 
compressibility value. In shallow, typical fresh water conditions, water compressibility is much smaller than the 
rock matrix compressibility and can be neglected. However, in this GS context, specific storage has to be amended 
wrock
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by including average CO2 compressibility at those depths within the expected footprint of the plume. The remaining 
parameters to conclude the translation are flow rate and relative permeability. The water injection rate to be used in 
the single-phase flow model can be easily computed from the CO2 volume at reservoir conditions (equation 1). 
Impact of relative permeability was not included in this previous work.  
 
The previous discussion made clear that there is a need to estimate location of the plume. Several recently 
published analytical analyses provide the necessary mathematical expressions. In a system with radial symmetry, the 
front of the plume progresses as the square root of time (t) during injection. This is also true in a 2D-system (line 
drive) in which the plume tip progresses as t1/2 but relative to the hypothetical front location of the equivalent plug 
flow and not relative to the injection well itself. The 2D plug flow front progresses with t whereas the front 
progresses as t1/2 in the radial model. Maximum radius at end of injection as calculated from plug flow increases by 
the square-root of the mobility ratio (Nordbotten et al., 2005; MacMinn 2010, Eq. 5) 
 
For proper translation of a compositional model to single phase model there are three parameters at play: 
viscosity, density, and compressibility. Compositional flow models internally integrate variations in those three 
parameters but the former two are rolled up in the conductivity values in a ground water model whereas 
compressibility of fluids is added to rock compressibility (which usually dominates in water models) to form 
specific storage. Total compressibility of the system can change the CO2 plume behavior (Solano et al., 2010). Nicot 
et al. (2009) observed that when the compressibility of the rock matrix is higher the pressure pulse is not as 
developed and the match is better. The first step consists in estimating the size of the CO2 plume. Several analytical 
solutions are available (e.g., [8]; [9])  
 
In this study, the comparison work follows the following steps: compositional simulations using the CMG-GEM 
and single phase simulations using CMG-IMEX. In IMEX simulations variations in density (as a function of 
pressure and temperature) and of viscosity are not taken into account (so its results are very similar to MODFLOW 
results).  
 
We assumed the same level of knowledge of the input parameters for both compositional and single phase 
simulation exists. Obviously simplifications must occur, the goal is to estimate if single phase results are 
conservative in terms of pressure (that is, if pressure is higher than given by compositional flow) and by how much 
because having a very conservative pressure response from single phase model will increase the area of review. One 
of the important treatments to use the single phase simulation instead of the compositional simulation is converting 
the injection rate of the gas to the corresponding volume of the brine in reservoir condition. This is done by using 
formation average formation volume factors as follow: 
         
            (1)  
                     
This will ensure that same volume of injectate is being injected in both cases. But from figure 3 one can see that 
bottom hole pressure in single phase simulation is higher than what we see in compositional simulation and 
consequently pressure profile in whole reservoir (figure 4). As it is mentioned before three parameters are at play: 
viscosity, density, and compressibility and as far as we are interested in mimicking the pressure behavior it is better 
to modify the rate such that bottom hole pressure is consistent. The transient bottom hole pressure for constant 
injection rate of CO2 in a radial saline reservoir can be calculated from following equation. 
 
                (2) 
 
 
If we rewrite the equation for brine injection into brine reservoir we will have: 
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So the injection rate that can reproduce the same bottom hole pressure has to be obtained from: 
 
 
               (4) 
 
 
where ct has different values for different cases. Total compressibility is defined as summation of gas and water 
compressibility (assigned rock compressibility is very small so in brine injection total compressibility is equal to 
brine compressibility and for CO2 injection total compressibility is almost equal to CO2 compressibility). Last term 
in Equation 4 makes the overall injection rate for brine slightly less than what is calculated from Equation 1. Figure 
4 shows that after this slight modification better match in bottom hole pressure achieved. Achieving better bottom 
hole pressure match translates to having a better match (and always conservative) in along the reservoir which is 
shown in Figure 4.  
 
Also as we discussed before far from the injection site formation will reach to its highest pressure after injection 
stopped due to pressure propagation. In Figure 5 we made a graph of pressure change versus time in fixed locations 
far from injection well. Maximum pressure happening some years after injection is stopped (highlighted with a star). 
Although highest pressure in compositional simulation happens earlier than single phase simulation ones, however 
the maximum value is confined with our results and that is what we are ultimately interested in. 
4. Conclusions 
Switching from compositional simulation to single phase simulation to simplify the simulation process and make 
it possible for nonprofessional users need some pretreatments. We provide a simple way to integrate the needed 
density, compressibility and viscosity modifications into a single change of injection rate in single phase simulation. 
With this injection rate single phase simulation can provide reasonable and slightly conservative pressure response 
especially far from injection site both during the injection time and past injection time. 
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6. Nomenclature 
 BCO2 = average CO2formation volume factor 
 Bbrine = average brine formation volume factor 
qbrine = brine injection rate 
qco2 = CO2 injection rate 
Pwi = bottom hole pressure 
Pi = initial reservoir pressure 
k = permeability 
rw = wellbore radius 
 = porosity, dimensionless 
μw = water viscosity 
μCO2 = CO2 viscosity 
ct = total compressibility 
h = reservoir thickness 
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Fig.1. Analytical solution for distance beyond which there is no risk of leakage, assuming a normally pressured 
section and no pressure attenuation through nearby shales.  
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Fig.2. Compressibility values and normalized difference as a function of depth assuming a geothermal gradient of 
25ºC/km and normally-pressured formations.  
 
 
 
 
 
J.-P. Nicot et al. / Energy Procedia 4 (2011) 3919–3926 3925
8 Author name / Energy Procedia 00 (2010) 000–000 
 
 
Fig.3. left: Bottom hole pressure for compositional and single phase simulation. After rate modification based on 
equation 4 match is reasonable. Right: Injection rate for compositional and single phase simulation.  
 
 
 
Fig.4. left: pressure profile in reservoir after 4 years of injection. Right: pressure profile in reservoir after 30 years of 
injection. 
 
 
 
Fig.5. left: pressure change at location 220 km far from injection site. Right: pressure change at location 230 km far 
from injection site. 
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